The degree and effectiveness of compensatory changes in the distal coronary vascular bed during progressive proximal coronary stenosis have not been described. In this study, coronary vascular bed resistance and pressure gradient-flow relationships were determined for 157 Neither the flow transducer nor circumflex catheters affected maximum coronary flows or induced significant pressure gradients. This observation was repeatedly confirmed by recording maximal flows before and after insertion of the circumflex catheters and by recording circumflex coronary pressure during hyperemia before and after removal 1085
bital anesthesia was induced one hour after 30-45 mg of subcutaneous morphine sulfate. Respirations were controlled with a Harvard ventilatory pump through a cuffed endotracheal tube. Respiratory volumes were monitored with a Draeger volumeter and blood gases maintained normal by volume adjustment and supplemental oxygen. The left circumflex coronary artery was isolated through a left thoracotomy and external diameter of the proximal circumflex measured with calipers. An appropriately-sized, perivascular electromagnetic flow transducer (Zepeda) was implanted. A variable snare type occluder was placed distal to the flow transducer. It consisted of a 2-3 mm wide band of umbilical tape passed around the artery, through a stiff tubing, and attached to a machinist's micrometer. The snare could be closed by small precise amounts according to the 0.01 mm micrometer scale. Approximately one centimeter distal to the constrictor, a small (one millimeter outside diameter by 1.5 inches long), teflon, end-hole catheter (Bardic 1968-T) was inserted two millimeters into the coronary lumen. This catheter is hereafter called the circumflex catheter and was used for injecting contrast media and recording coronary pressure distal to the constrictor.
Neither the flow transducer nor circumflex catheters affected maximum coronary flows or induced significant pressure gradients. This observation was repeatedly confirmed by recording maximal flows before and after insertion of the circumflex catheters and by recording circumflex coronary pressure during hyperemia before and after removal 1085 of the flow transducer. figure 3 , percent diameter stenosis is plotted against the slope of the pressure gradient-flow relationship or d(gradient)/d(flow), and against stenosis resistance (absolute gradient/flow) at resting flow. The slope of the gradient-flow relationship during hyperemia increased at relatively modest anatomic stenoses, indicating altered gradient-flow relationships. In contrast, stenosis resistance defined as absolute resting gradient/flow remained normal since there was no resting gradient for those stenoses despite altered gradient-flow relationships during hyperemia. These results indicate that the slope of the gradient-flow relationship is more sensitive than resistance values in detecting and characterizing the effects of suberitical coronary stenoses.
Since small changes in arterial diameter have major hemodynamic consequences for stenoses above 60%, the increased sensitivity of this method for hemodynamically characterizing a stenosis becomes more apparent if plotted against pressure gradient across the stenoses. Figure 4 demonstrates this point. Stenoses which were progressively increased to 85% narrowing demonstrated resting pressure gradients and large increases in the slope of the gradient-flow relationships whereas stenosis resistance defined as absolute gradient/flow showed relatively little change. Figure 5 shows the compensatory changes of the distal coronary vascular bed in response to progressive proximal stenosis of coronary arteries. With progressive coronary constriction, the slope of the gradient-flow relationship of the stenosis did not in- figure 6 . In effect this figure greatly expands that part of the previous figure for stenoses above 85%. It content. 21' 22 In our experiments, therefore, the endocardium was probably maximally vasodilated, i.e., had no vasodilatory reserve. The epicardium maintained normal perfusion and the vasodilator reserve which we observed when total coronary artery flow was reduced by stenosis probably existed in the epicardium. The observation that injection of contrast material produced a further decrease in calculated coronary vascular resistance at the point that resistance values were minimal as coronary flow was reduced does not mean that further vasodilatation did not occur as flow was further reduced by increasing the stenosis. Our results suggest that during progressive coronary stenosis there was a continuous, progressive compensatory vasodilatation initially which was greatest in the endocardium, with some vasodilator reserve remaining in the epicardium. As the stenosis reached complete occlusion, the epicardium became maximally vasodilated also, as indicated by maximal coronary flow rates observed during the hyperemia following ten seconds of total occlusion.
Collateral blood flow into the areas distal to the occlusion tends to increase epicardial flow toward normal and to restore vasodilator reserve in the epicardium more than in the endocardium, as evidenced by worsening of endo-epicardial malperfusion of myocardium supplied collaterally after administration of vasodilators. 15, 16 It is also important to consider the effects of extravascular pressure'4 23 and the osmotic load of contrast media on the coronary vascular bed. The osmotic load causes a massive transfer of extravascular fluid into the intravascular space of the coronary bed which in turn causes a transient fall in coronary inflow during injection and appropriate changes in coronary sinus hematocrit, hemoglobin, protein concentration, and osmolality,30 with a decrease in myocardial oxygen consumption.3' The contrast media and fluids transferred into the intravascular space from the extravascular space drain into the coronary sinus leaving an "empty" vascular bed and reduced extravascular pressure. Consequently, a sudden marked increase in flow follows the transient decrease seen during injection, as long as coronary inflow remains unrestricted. However, if coronary inflow were restricted by a partial stenosis, coronary pressure falls markedly and the stenosis gradient increases in association with a smaller increase in flow than would occur in the absence of stenosis. Because of the steep pressure gradient-flow relationship characterizing severe stenoses, the increase in pressure gradient and fall in coronary pressure is proportionally greater than the increase in flow. In addition, marked regional malperfusion is seen following contrast injection in the presence of a stenosis5 but myocardial injury or ischemia does not usually develop, probably because of the transience of these responses and because of the decreased myocardial oxygen requirements also caused by the presence of the contrast media. Malindzak8 observed similar pressure flow changes following administration of pharmacologic vasodilators. We have also found that intracoronary injection of adenosine triphosphate (ATP) produces the same pressure flow effects as contrast media in the presence of a stenosis severe enough to reduce resting coronary flow. Ball et al."' have demonstrated that exercise in the presence of restricted coronary inflow redistributes coronary flow to the epicardium, results which indicate that epicardial vasodilator reserve may also be elicited by physiologic stimuli. We conclude that compensatory changes of the distal coronary vasculature in response to partial constriction are complexly related to hydrodynamic factors as well as hypoxic vasodilation and that vasodilator reserve present in the epicardium during partial constriction severe enough to reduce resting total coronary artery flow can be elicited by a variety of vasodilatory stimuli including exercise.
Critique of Methodology
There are several objections to using calculated coronary vascular resistance as a measure of compensatory vasodilatation distal to a constriction. As the constriction approaches complete occlusion, coronary flow approaches zero but coronary pressure does not fall below 10-20 mm Hg. Calculated vascular resistance then becomes "infinitely" large and is meaningless as a measure of distal bed vasodilatation. Furthermore, with release of a temporary complete occlusion coronary flow immediately increases to a maximum value (reactive hyperemia) thereby indicating maximal vasodilatation regardless of an "4infinitely" large calculated vascular resistance during occlusion. For this reason it is necessary to evaluate the pressure-flow values per se before making conclusions based on resistance calculations. As shown in table 2, coronary flow increased and pressure distal to the stenosis fell following injection of Hypaque, thereby indicating further vasodilatation. This response can be conveniently described by the ratio of pressure/flow, i.e., calculated vascular resistance for purposes of comparison to severity of stenoses. The above objection does not apply to our data since values of calculated vascular resistance were associated with coronary flows that were nowhere near zero, i.e., 74 + 20% of normal resting values. At some more severe, near complete stenosis, calculated vascular resistance becomes invalid as a measure of vasodilatation since flow approaches zero. This study was not designed to determine the point at which resistance calculations become invalid. for deciding to implant coronary bypass grafts. If the hydraulic effects of stenoses were dependent on absolute and not relative lumen diameter, these criteria might not apply equally well to arteries of different sizes. Unfortunately, absolute stenosis radius cannot be reliably measured from arteriograms because of varying magnification in different views and at different parts of the artery at different distances from the X-ray tube. Additional problems arise in the presence of an eccentric lesion which may appear as a 40% narrowing in one view and as an 80% narrowing in another view.
Despite relatively severe stenoses, resting coronary flow remains normal as a consequence of both hydraulic characteristics of stenoses and of compensatory changes of the distal coronary vascular bed which develop for stenoses above 60% but are relatively ineffective for stenoses above 85%. However, vasodilatory reserve is still present in the presence of stenoses which reduce resting coronary flow. Induced vasodilatation in the presence of severe stenosis has deleterious effects on endocardialepicardial flow distribution which may lead to a vicious cycle of further ischemia and vasodilatation in layers of myocardium nearer the epicardium which cause further coronary pressure fall leading in turn to more ischemia and vasodilatation. Such a vicious cycle would explain why patients with chronic, anatomically stable coronary disease might develop a myocardial occlusion or thrombosis, particularly a subendocardial infarction. It would also provide a mechanism for the prolonged resting pain of unstable angina which is not relieved by nitroglycerin. Whether further vasodilatation benefits the myocardium in the presence of a partial stenosis depends on the severity of stenosis, distal coronary pressure, pressure gradient-flow relationships, extravascular compression, and the type and degree of stimulus for vasodilatation.
